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NATIONAL ADVISORY COMMITTEE POP. AEROKAÜTICS 

ADVANCE RESTRICTED HEPORT 

EFFECT OF PROPELL2R-AXIS AKGLE OP ATTACK ON THRUST 

DISTRIBUTION OVER THE PROPELLER DISK IN RELATION 

TO WAKE-SURVEY MEASURED NT OF THRUST 

By Robert E.  Pendley 

SUMMARY 

Testa were made to investigate the variation of 
thrust distribution over the propeller disk with angle 
of pitoh of the propeller thrust axis and to determine 
the disposition and the minimum number of rentes neces- 
sary to measure the propeller thrust. The tests were 
m^.de at a low ?«ach number for a low and a hi(ih blade 
angle ndth the propeller operating at three small angles 
of pitch, and 3ome of the tests were repeated at a higher 
Kach number.  The data obtained show that, for small 
angles of  pitch, lsrge changes occur in the energy distri- 
bution in the wake which prohibit the use of a single 
survey rake for thrust -'.AScurrent in flight tests and 
limit the use of a single rake in wind-tunnel tests. 
Under certain conditions, the energy distribution in the 
wai'e took on a symmetrical farm and two diametrically 
opposed survey rakes vere shown to be satisfactory for 
obtaining propeller thrust. 

INTRODUCTION 

In many oases a total-pressure survey rake Is a 
more desirable means for measuring propeller thrust that) 
a foroe system because not only the total thrust oan be 
obtained from wake-survey data but also the action of the 
elements along the prooeller olade can be analyzed. In 
fllfiht tests propeller thrust oan be measured only by 
wake surveys since a satisfactory thrust meter has not 
yet bean develooed. In wind-tunnel investigations of 
propellers, however, the thrust obtained by use of a foroe 
system often differs considerably from that obtained by 
single-rake wake-survey measurements. 
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In referenoe 1 the lack of agreement between the 
thrust obtained by wake surveys and by force tests was 
explained as the result of hub drag and increase In body 
drag due to the slipstream,    in reference 2, published 
later,  prcpeller-thrust-axis Inclination to the free- 
stream flow was shown to affect wako-survey measurements 
sinoe large variations in the distribution of thrust 
over the propeller disk were  found to oc^ur with varia- 
tions In angle of pitch or yaw.    Some of the  lack of 
agreement In the measurements of referenoe 1 might 
therefore have been caused by a small angld of pitch or 
yaw of the propeller thrust axis,  although tho hub drag 
and the increase in body drag undoubtedly contributed to 
the lack of agreement.    The effect of propeller-thrust- 
axis Inclination to tho freo-streain flow on wako-survey 
measurements was further verified by tests made In tho 
Langley 8-foot high-spaed tunnol.    In these te^ts, large 
differences in tho  thrust measured by a force  system and 
by a single survey rake were  found with the model at an 
angle of attack of l°y but excellent agreement was 
obtained when the tests wore made at an anglo of 
attack of 0°. 

Tho present testa were made in tho Langley 8-foot 
high-speed tunnel to investigate the variation of thrust 
distribution over the propeller disk with angle of pitoh 
of the propeller thrust axis and to determine the number 
and radial position of wako-survey rakes necessary to 
obtain tho propeller thrust.    Survey measurements with 
a single rale« were made at six equally spaced radial 
positions around the propeller di3k.    Tho tosts were 
made at three small angles of attack of the propeller 
thrust axis for a high and a low blade  anglo and at 
two Mach numbers.    The effect of longitudinal position 
of the rake was not investigated. 

SYMBOLS 

The symbols used herein are defined as followst 

D   propeller diameter, feot 

J   advance-diameter ratio (V/nD) 

M   froo-stream Mach number 

n   propeller rotational speed, revolutions per second 

»V*. 
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r atation radius, feet 

ra wake-survey-station radius, feet 

R propeller tip radius, feet 

V free-stream velocity, feet per second 

W section relative air velocity, feet per second 

x radial station (r/H) 

xB radial station at survey plane  (rs/tl) 

ACT wake-survoy thrust coefficient :nlnua force-test 
thrust coefficient 

dCi/dxa thrust-coefficient gradient 

CT3 waJfS-survey thrust coefficient 

a; angle  of attack of propeller thrust axis, degrees 

ß section blade angle at O.75 radial station, degrees 

r\ propulsive efficiency 

0> angle of rotation ;nea3ur«d in direction of propeller 
rotation from vertical axis  (fig. 1), degrees 

APPARATUS AND KETTIODS 

The testa were cenductsd in the Langley 8-foot high- 
speed tunnel with a two-blade right-hand Dropeller Ij. feet 
in diameter and having an MACA i^-(il • 9) (07)-OJi+5-B Made 
design of NACA l6-3erles sections. 

Blade  for« curves for the propeller are given in 
figure 2.    The propoller was designed to r;ave a minimum 
energy loss in the    v/alre.    '^ho pitch distribution used in 
the design of the propeller is that obtained by assuming 
all sections of ths bladea to be operating ut the  same 
freo-stroam veLocity.    The dssign conditions ware for a 
free-stream Wach number of 0.6ü0,   an advance-diameter 
ratio of 2.70, and a power coefficient of O.I67, 

•-«M 
"t& v%. 

•»   . 
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The body on which the propeller was tested (fig. 3) 
was designed to have a high critical Mach number. The 
fuselage shape was the NACA form 111. (See reference J.) 
The wing of the model extended through the tunnel walls and 
was fastened to the balance ring. The airfoil had a 
20-inch chord, was 9 percent thick, and had modified 
NACA 66-series sections. 

The forward 7.k  percent of the fuselage was used as 
a spinner containing the propeller hub. The propeller 
plane was located at 3.3 percent of the fuselage length 
to give a spinner diameter equal to 15 percent of the 
propeller diameter. A small gap between the propeller 
and the spinner surface was sealed by sponge rubber 
cemented to the blades in order that no radial outflow from 
the spinner along the blades could occur. 

The 200-horsepower induction motor used to turn the 
propeller was 10 inches In diameter and JO inches long 
and was housed within the fusolage. The motor housing 
was mounted on ball bearings coaxial with the shaft and 
was prevented from rotating under the torque reaction by 
a hydraulic unit that transmitted the torque force to a 
scale.« 

Thrust was measured simultaneously by force testa 
and by walw surveys. The force tests were made by use of 
the tunnel drag balance, which gives the resultant force 
on the model along the tunnel axis. Propulsive thrust 
was computed as thi3 resultant forco plus the drag of the 
model without the propeller. For thrust measurement 
by wake surveys, a total-proasure survey rake was located 
radially in .1 plane perpendicular to the tunnel axis 
l8 inches (0.375 diameter) behind the propoller plane and 
bolted to the tunnel wall. The effect of longitudinal 
position of the survey rake was net investigated; the 
longitudinal position used approximated that of the tests 
reported in reforene-a ij.. Complete t0 3ts were made for the 
rake mountod in each of the six equally vaced positions 
around the propeller disk. Tita rako was free of the model 
at all times and extended to within about 0,25 inch of th© 
fuselage surface. The tubes of the rake wora arranged to 
measure tho wak* from radial stations of about 0.55 to 1.15« 
Although the propeller wake wan shifted at the survey station 
by the fuselage, this arrangement provided complete measure- 
ment of the thrust distribution on  the blado for all condi- 
tions tested. The rake was connected to an inclined-tube 
manometer and the pressures were recorded photographically. 

**&&• 

*#*%. 
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The force-test data have been reduced to the usual 
thrust and power coefficients and have been corrected for 
the equivalent free-stream velocity (reference jj) Mid f°r 

the touoyincy effect on model drag that occurs as a result 
of tunnel-wall constraint. 

Because of the constraint of the tunr.9l walls,   fche 
equivalent free-stroan airspeed corresponding to the 
thrust and torque of the propellor neasurod at each 
rotational speed differs fron the tunnel datura velocity« 
This  correction was evaluated by surveys of velocity in 
throe planes - immediately in front of,  immediately behind, 
and at the propellor tip.     The velocity surveys extended 
fron the  tunnel wall  to the  propeller tip.    The correction 
was evaluated from thes^ data by tho mothod of reference 5» 
This  correction,  which was  small,  has been applied in the 
determination of the  values of the udvance-diamoter ratio» 

Because  of  the  slipstream contraction,   the air passing 
outside  tJj.0  slipstream undergoes an  ineroase in static 
pressure with distance downstream from the  propellor. 
This  increase  in static pressure gives rise-  to a buoyancy 
force on the inodol.    The measured thrust has been corrootod 
for the buoyancy effect.    The correction was determined 
from measurements of tho static-pressure gradient in fche 
tunnel  air stream.    The so niOasure:i^nts were inuda  for tho 
complete rexig-i of thrust loading and Mach number covered 
In this   test. 

The wako-survey thrust coefficient was computed from 
measurements of static-pressure and total-prossure changes 
in the wake of the propeller.    An explanation of the method 
used is given in reference 6. 

Data were  obtained for blade  angles of 2o° and 53° 
measured   at the  0.75 radius;  the propellor was  tested at a 
blade an^le of 26° at a free-strea.;: Mach number of O.JO 
and a blade  angle  of 5?° at free-stream J,:ach numbors of 0.30 
and 0,14.3.    Tho  tests were made with tho propeller thrust 
axia at angles of attack of 2° end l+° for tho lower "ach 
nunbor and   of 2° only for the  higher Mash number because  of 
lift-load  limit.     At an upper vertical   raka position,   tests 
were made  at an additional  thrust axis angls  of attack of 1° 
for a blade angle of 53°. 

The data presented herein may bo applied to propeller 
operation in yaw by rotating the roferenco  axis from which 
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the survey position is measured through 90° or through 
the appropriate angle for conditions of combined pitch 
and yaw. 

RESULT3 AND DISCUSSION 

In computing the thrust coefficient fro» data obtained 
with a single survey rake, the assumption is made that no 
variation in the flow about the propeller blade oocurs 
during a revolution. In other words, it is assumed that 
the radial thrust distribution is identical for all angular 
positions around the propeller disk and therefore that 
the survey-rake measurements are independent of rake posi- 
tion* This condition exists only when the free-3tream 
flow is narallel to the nropeller thrust axis and the body 
Interference on the propeller is uniform about the thrust 
axis. iVhen thj propeller thrust axis is inclined to the 
flow, each blade section operates at a varying angle of 
attack as it turns through a revolution. 

If the propeller axis is at a positive angle of 
attack and the propeller is operating at a constant 
advance-diameter ratio, the blade sections in the right 
half of the d'sk for a right-hand propeller will have a 
greater angle of attack than those in tho loft half. This 
condition is illustrated by the vector diagram of figure ij. 
in which it is also evident that changes occur in the 
resultant velocity of the blade sections. If the effects 
of induced velocity are neglected,the forward velocity 
for a section at a propellör-t:arust-axi3 ngle of attack 
of Oo and at any angular location <o is shown by a solid 
line in figure Ij. with the resultant velocity W 'making 
an angle of attack a with the section.  If the pronellor 
axis is given a small positive angle of attack with the 
free-strean flow, a section with angular locations of 
either &> = 0° or w = l8o° will have an insignificant 
change in its angle of attack; but, as the section rotates 
from U = 0°, its angle of attack will Increase to a 
maximum value at to = 90°, will return at w = l80° to 
the value for (o = 0°, and will decrease to a minimum 
value at co = 270° from which it will increase to the 
original angle of attack at co = 0°. The velocity-vector 
diagrams for a section tit maximum and minimum angles of 
attack are also shown in figure l\.}  the long-da3h-llne 
vectors represent the maxi'aua condition at to = 90° and 

*< 
**iV 
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the short-dash-line vectors the minimum condition at 
ü) = 270°.    At the conditions of maximum and minimum sec- 
tion angle  of attack,   the angles betv/een the original 
and displaced forward-velocity vectors are equal to tho 
propellor-thrust-axia angle of attack.    Those  variations 
in ooction single of attack and resultant velocity cause 
an irregular wake.    This  irregularity in the wake la 
clearly the effect of inclination of the propeller axis 
to the free-stream flow and iy not related to body inter- 
ference . 

The pitched attitude  of the propeller1 ro3ult3  in a 
shift of the wake relative to the fuselage.    Figure 1, 
which shows  the; wake shift for angles of attack of 2° 
and l\P,  indicates that a rake located in the unoar half 
of the disk will measure more of the  wale:»  than a rako 
in the lower half. 

It is very evident that these wake  irregularities 
render a 3'ngle survey raku of little value for calcu- 
lating the propeller thrust coefficient when tho  thrust 
axi3  is  inclined to the direction of tho free stream. 
The effect of the wake irrertu.laritiu3 is  illustrated in 
figure 5 in which thrust-coefficient-gradient curves are 
shown at a constant propeller thru3t coefficient  for 
rako positions  (with the exception of the 500° position) 
at 60°-intorval3 for a blade angle  of 53° and at an 
angle of attack of i.L°.    Very lar£j wa!»  changes sirs 
apparent.    When th^ wake-survey thrust coefficient obtained 
by integration of thrust-coaffic'.o.it-gradlont curves i3 
plotted for a range  of advance-diameter ratio,   tlis  curves 
obtained compare  as  nhown in figures 6 to 8 with those  of tho 
force-test thrust coefficient for the  same  conditions  of 
propeller operation. 

The chu»£o  in thrust loading as the blade  turns 
through a revolution is ahown in figure 9 '*a thü difference 
between the  integrated wake-survey thrust coefficient 
and the force-tflst thru3t  coofficicat at  a constant ..dvxaco- 
diaraotcr ratio as read from  figure3 6  to 8.     Since   the  curves 
in these figures for the  wake-survey and  the  force-test 
measurements -iro nearly parallel,   thi3 plot will be 
practically the sasie for the entire r-;rif\:>  of advance- 
dlaietor ratio up to the point of stall. 

Prom the section angle-of-att?ck variation of a 
pitched propoller,  the curves of    aCf    would b*; expected 
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to pass through    0   at   w = 0°    and    w = 180°    and their 
points of maximum amplitude would be expected to be at 
u = 900    and   CD = 270°.    notation of the propeller wake, 
however, causes a shift of the curves in the direction 
observed, but this shift is of the order of only 3° 
to 5°»    The large  remainder of the shift is unaccounted 
for but may be Caused by the oscillation of the angle 
of attack of the blade sections with a resulting lag of 
section forij--.e  with angle-of-attack changes. 

The curves of figure 9 show the amount by which the 
wake-survey thrust coefficient obtained by U3e of a singla 
rake may differ from the actual prooeller thrust coeffi- 
cient!    The difference between these  thru3t coefficients 
for the blade angle of 53° at    ctj = l|°    viriao to maximum 
values about 100 percent greater and 100 percent less 
than the  thrust coefficient for maximum efficiency for 
that blade angle, which may be  read for    arp = 2°    from 
figure 10,    Tho maximum difference for the low blade 
angle of 26° at the same thrust-axl3 angle  of attack is 
about 4o percont greater and 1+0 percent less  than the 
thrust coefficient for maximum efficiency at that blade 
angle.    At propeller thrust coefficients smaller than 
those at maximum efficiency, these percentages are,  of 
course, larger and,  conversely, at propeller thrust coef- 
ficients greater than those at maximum efficiency,  tho 
percentages are smaller. 

An average of measured wake-survey thrust coefficients 
obtained from surveys made of the irregular wake of a 
pitched or yawed propeller by a number of equally spaced 
rakes would be expected to agree with the propeller thrust 
coefficient more closely as the number of rakes is 
increased.    In figure  11 comparisons are presented of 
the average wake-survey thrust coefficient for all six 
rake locations with the corresponding force-test thrust 
coefficient as read from thti  curves of figures 6  to B. 
At fcie  thru;.:', coefficient for maximum efficiency,  for 
tho blade  ur.;;'Lö of 53°>   k'ie  average wako-survey thrust 
coefficient is about 6 percent lov/sr than tho propeller 
thrust coefficient and, for the blado angle of 26°,  tho 
wake-survoy measurement is  about l± percent lower.    These 
are the maximum value3 of  tho difference between the 
propeller thrust coefficient and the wak   -survey thrust 
coefficient at the  thrust coeffi-ient for maximum effi- 
ciency;  this difference is primarily the  result of 
neglecting the static-pressure variation in th« wake. 
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The effect of neglecting the static-pressure variation 
in the wake was determined fron testa with a rake of both 
static- and total-pressure tubes.    The wake-survey thrust 
coefficient waa calculated by use of the actual  static 
pressure along the rake and then recalcu?-ted with the 
assumption of free-stream static treasure alonr the rake. 
The curves of wake-survey thrust coefficient a3 calculated 
by thesa two methods are presented in figure 1H,    At the 
thrust coefficient for maximum efficiency,   the  assumption 
of free-stream static pressure is shown,  for both blade 
angles,  to cause the calculated wake-survey thrust coeffi- 
cient to bo about I4..5 percent Iowa:" than that obtained b'r 
use of  tho actual pressure. 

The  symmetry of  the    AC^-curvo3 cf figure o sussesb3 
that the average of the thrust coefficients frou two 
diametric all .7 opposed ra!re3 will be oqual to  the propeller 
thrust coefficient.    Tirie differenca,  at all points around 
the disk,  between fores-tost thrust coefficient.and average 
wake-survey thrust coefficient for two diametrically 
opposed rakes is presentad in figure 13.    The curves were 
obtained by averaging values of    ACT    at points l3o° 
apart on the curves of figure 9 for positions all around 
the dis'i and plotting the values obtained against nike 
position.    Th03e  curvoa jhow  the  lank cf symmotiv of the 
ACi-variation.    Except for tho curve  at the high blade 
angle and hiph thrust-as Is angle  of attack,   this curves 
show th^t r-ji    v.; rag«  of the waica-survey thrust coafficionts 
from two <*.la::- .trlcally oppossd rak53 is lower than the 
propeller thrust coefficient by an tcaount equal  to 0 to 
5 percent of the   thrust coefficient for maximum efficiency« 
This diffurenco  indicates that the two-rake  installation will 
prove satisfactory when the  static-pressvre  variation is 
included in the calculations as .a whtsr. th>s  prone Her is 
operating under conditions similar to thoso used herein. 
Two diametrically opposed ra'iss provide an averago  thrust 
coefficient equal to the  propeller thrust coefficient 
beoause  of ths  symmetry of the    ACji-eyrvas;  t>vo diametrically 
opposed rni:e9 will  therefore bo  insufficient in casos in 
which those  curves are nonsyir,.'notrlo:\l«    tfensymrcatrical 
body interference  around the proptllar disk lnducod by 
thick wings,   large 3coops,   eoccpib ouncpKs,   or similar 
bodies will destroy the  s;,iruiiatry of the    aCT-ourvas and so 
preclude  the uso of only two rakes. 

The reconrcionded positions for an Installation of two 
rakes is for several reasons at the points of r.aximum 
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and minimum loading: First, the early compressibility 
and stall losses at these points can be observed (refer- 
ence U-);  second, the rate of chance of AC? with radial 
rake position is smaller near these points than at other 
positions; and last, the installation is more practical 
for flight tests, in which tho rakes should be mounted 
horizontally because of larger changes in pitch than in 
yaw. 

In two-rake installations in which the rakes are 
not radial to the propeller axis, the thrust obtained 
from each rake will correspond to that of a radial rake 
located in some position between tho values of ta    for 
the innermost and outermost survey tubes. If the two 
equivalent radial positions for the two nonradial rakes 
intersect at an angle other than l80°, the average of 
the two thrust valuoa for those positions will be equal to 
propeller thrust only for the conditions of zero angle of 
pitch and yaw. If the equivalent radial rake positions 
occur near the points of maximum amplitude of the aCrp-curves, 
however, the error of the nonradial installation will be 
less than if the equivalent positions occur near points 
of zero amplitude where the slope of tho curves is steepest. 

CONCLUSIONS 

From tests made to determine the effect of survey- 
rake position around the disk of a pi tent. 3 propeller on 
the measurement of propeller thrust and to determine the 
disposition and minimum number of rakes necessary to 
measure tho thrust, the following conclusions can be 
drawn: 

1. Propeller operation at small angles of pitch or 
yaw causes large variations in the distribution of energy 
in the wake. 

2. Unless the propeller is operating at zero angle 
of nitch or yaw and the body interference on the nro- 
pellor is \uiiform about the thrust axis, one survey 
rake is insufficient for obtaining propeller thrust 
since differences of more than 100 percent may occur 
between actual thrust and thrust calculated from the 
wake-survoy measurements. 

» '«»It • 
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3, If the variation of the difference In the wake- 
survey thrust coefficient and the foroe-fcest thrust 
coefficient with pitch or yaw is symmetrical and If 
static pressure variations In the wake are considered, 
two diametrically opposed ra!ces way be used to measure 
oropeller thrust. 

Lnngley Memorial Aeronautical Laboratory 
National Advisory Committee for Aeronautics 

Langley Field, Va. 
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